One sentence summary: Using Escherichia coli model, we show that the mutual exclusion of purT and fhs, observed in majority (∼94%) of bacteria confers fitness advantage. Editor: Andre Klier
INTRODUCTION
Fhs catalyzes transfer of one carbon unit from formate to THF by utilizing ATP as the source of energy donor for its ligase reaction and contributes to the synthesis of the cellular pool of N 10 -formyltetrahydrofolate (N 10 -formyl-THF) ( Fig. 1 ) (Himes and Rabinowitz 1962; Rabinowitz and Pricer 1962) . N 10 -formyl-THF, besides its use in other metabolic reactions, is employed as a cofactor at two steps in purine biosynthetic pathway, namely the PurN reaction and the PurH reaction (Voet, Voet and Pratt 2013) . PurN reaction catalyzes the formation of formyl glycinamide ribotide (fGAR) from glycinamide ribotide (GAR) (Inglese et al. 1990) . In some bacteria, PurN alone catalyzes this reaction. However, in some others it could also be catalyzed by PurT (Nygaard and Smith 1993) . PurT is a formate-dependent GAR transformylase or phosphoribosylglycinamide formyltransferase II.
PurT uses formate as cofactor and ligates formate to GAR, which involves ATP hydrolysis ( Fig. 1 ). When both PurN and PurT are present in an organism, radioactive tracing experiments showed that in a completely synthesized purine, 50% of the carbon incorporated at C 8 position was through the PurN reaction and the other 50% through the PurT reaction (Dev and Harvey 1982) . Although, the contribution from PurT, for purine synthesis is about 50%, mutation in purT does not confer growth defect in Escherichia coli (Nygaard and Smith 1993) . In E. coli, it was reported that formate released by PurU catalyzed deformylation of N 10 -formyl-THF serves as the source for PurT reaction (Nagy, McCorkle and Zalkin 1993) . The reactions catalyzed by Fhs and PurT share many similarities. Firstly, both the reactions carry out a ligase function; secondly, in both the reactions, formate is the common substrate and, thirdly, both the reactions require ATP hydrolysis for catalysis. The end products also share similarities. The product formed by Fhs is used as cofactor for purine biosynthesis, and the product formed by PurT is a purine biosynthesis intermediate. Though both the proteins share many similarities in their function to synthesize purines, their presence and distribution in various organisms have not been investigated.
We have earlier shown that fhs is present in some genera of bacteria, and its presence confers growth advantage under hypoxia (Sah et al. 2015) . While analyzing distribution of fhs across genomes, we found that a large number of organisms possessing fhs lacked purT, a phenomenon called anticorrelative presence of the genes. Earlier, preliminary data were available for the distribution of purT, where the authors reported that PurT activities were present in Gram-positive and Gram-negative bacteria, and in archaea e.g. Sulfolobus shibatae. But the exact correlation between the distribution of fhs and purT was unknown. In this report, by using bioinformatics tools we have analyzed the genomes for the presence of fhs and purT in different genera and found that fhs and purT indeed show a strong anticorrelation for their occurrence in various organisms. The anticorrelation between the occurrences of fhs and purT is so striking that even within the genus of Bacillus, if one species possess fhs it lacks purT and vice versa. Since we found such a strong anticorrelation for the occurrence of fhs and purT, it was of interest to understand its physiological importance in the organisms. To investigate the biological significance of this phenomenon, we used growth competition experiments using E. coli, a facultative anaerobe that grows under both the microaerobic and aerobic conditions. Our studies reveal that a simultaneous presence of by guest on July 21, 2016 http://femsle.oxfordjournals.org/ Downloaded from Sah et al. (2015) both the genes confers growth disadvantage compared to when present in single.
MATERIALS AND METHODS

Bioinformatics
Genome sequences available for different bacteria were collected and analyzed using SEED (Overbeek et al. 2005) and Uniprot databases. Using computational analyses, genomes were screened for the presence or absence of fhs and purT. Genomes positive for fhs and purT were pooled and distributed in two groups fhs group and purT group. In the genomes where fhs was present, status of purT was checked by BLAST analyses. Likewise, the genomes where purT was present were analyzed for the status of fhs.
Plasmids and strains
Generation of pACDHfhs, a medium copy plasmid harboring Clostridium perfringens fhs open reading frame for expression in E. coli has been described earlier (Sah et al. 2015) . Escherichia coli strain deleted for purT ( purT::kan, Table 1 ) (Baba et al. 2006 ) was obtained from CGSC and the purT::kan locus from it was moved into E. coli TG1 by P1 phage-mediated transduction. purT deletion was confirmed by PCR with Taq DNA polymerase using PurT KO C FP (5 -CAATAAAGACACACGCAAACG-3 ) and PurT KO C RP (5 -GCGCGTGAAGCTGTAGAAG-3 ) primers (∼10 pmoles each). PCR involved 30 cycles of initial denaturation at 94
• C for 1 min, annealing at 50
• C for 30 s and extension at 70 • C for 2 min.
Growth competitions
Exponential phase cultures (OD 600 ∼0.6-0.7) of various strains of E. coli TG1, E. coli TG1 purT::kan (Kan R ), E. coli TG1/pACDHfhs (Tet R ) and E. coli TG1 purT::kan/pACDHfhs (Kan R Tet R ) were grown in LB (2 mL) with appropriate antibiotics and washed with plain M9 minimal (antibiotic free) and resuspended in the same medium (1 mL) which was used as seeding culture. Growth competition experiments were set up by mixing the competing strains in different ratios. Vitamin C (10 mM) was added to screw cap flat bottom tubes containing media to create hypoxic environment (Taneja et al. 2010) . Hypoxic cultures were grown with slow stirring on a multipoint magnetic board at 37
• C and methylene blue was used as an oxygen indicator. Cultures grown for various periods were analyzed for total viable counts at various times by dilution plating on LB plates. To determine the identity of the individual colonies, the colonies were picked randomly and patched on LB plates lacking any antibiotic or con- 
RESULTS
Analysis of the presence of fhs and purT
In bacteria, fhs and purT are present as single genes. Our initial analyses revealed that a large number of genomes possessing fhs lacked purT. To better investigate this phenomenon, we collected genome records from Uniprot and Seed Viewer databases. Among the 176 genera that were analyzed in this study, 94% concurred with the anticorrelative presence of fhs and purT genes and a mere 6% deviated from the hypothesis (Fig. 1B) . Our analyses revealed that purT is absent from most of the firmicutes. However, it is present in some species of Bacillus. Interestingly, within the genus of Bacillus when a species possessed purT it lacked fhs, showing a strong anticorrelation of the presence of the two genes even within a genus (Fig. 1C) . As control, when we analyzed the genomes for the presence of glyA, folD and purN genes, these were found in all the species (Fig. 1C) .
purT deletion does not reveal growth defect in E. coli possessing fhs
To understand the physiological importance of the anticorrelative presence of the purT and fhs genes, we used E. coli, which lacks fhs as a model system. For this purpose, we moved purT::kan locus (also called as purT) into E. coli TG1 and confirmed the genetic change by colony PCR (Figs S1A and B, Supporting Information). We then carried out growth curve analyses for E. coli TG1 expressing fhs and E. coli TG1 purT expressing fhs. Consistent with an earlier report (Nygaard and Smith 1993) , when grown as pure cultures, deletion of purT did not reveal any significant impact either in the presence or absence of fhs (Fig. S2, Supporting Information) . Given that deletions of nonessential genes often do not result in significant growth defects, particularly under nutrient-rich conditions, this was not an unexpected phenotype. More importantly, this observation allowed us to investigate if the fhs and purT genes conferred any fitness advantage to the strains harboring them by investigating their relative survival in mixed cultures where the strains compete for the availability of the nutrients. Growth competition experiment between E. coli TG1 (in green) and E. coli TG1 purT (in red). Escherichia coli TG1 and E. coli TG1 purT cultures were mixed and grown under aerobic or hypoxic conditions. Percent occurrence (survival) of the strains was determined at different times using the distinctive antibiotic resistance phenotypes of the strains (section Materials and Methods).
Growth competition experiments
Recently, we reported that the expression of fhs confers competitive growth advantage under hypoxic conditions (Sah et al. 2015) . This may be because the presence of Fhs could detoxify the formate formed under the hypoxic conditions of growth. Because both PurT and Fhs commonly utilize formate for their functions, we carried out growth competition experiments by mixing cultures of various strains expressing PurT and/or Fhs in different combinations, and growing them under aerobic and hypoxic conditions. Abundance of individual strains at different times of competitive growth was assessed as described in Materials and Methods section. As shown in Fig. 2 , deletion of purT from the E. coli genome conferred growth disadvantage under both the aerobic and hypoxic conditions (compare E. coli TG1 and E. coli TG1 purT). The growth defect of purT deletion was more prominent under hypoxic conditions (known to generate formate). In a mixed culture starting with approximately equal populations of the two strains, E. coli TG1 purT was outcompeted nearly comprehensively by E. coli TG1 in about 25 h. Likewise, E. coli TG1 purT was at a disadvantage in the growth competition experiments with E. coli TG1 purT/pACDHfhs also (Fig. 3) . In this experiment, starting with its equal presence in the beginning of the experiment, E. coli TG1 purT was eliminated from the cul- Figure 3 . Growth competition experiment between E. coli TG1 purT (in red) and E. coli TG1 purT/pACDHfhs (in purple). Escherichia coli TG1 purT and E. coli TG1 purT/pACDHfhs cultures were mixed and grown under aerobic or hypoxic conditions. Percent occurrence (survival) of the strains was determined at different times using the distinctive antibiotic resistance phenotypes of the strains (section Materials and Methods). ture in about 25 h both under the aerobic and hypoxic conditions of growth suggesting that the presence of Fhs on a lowcopy plasmid was more effective in compensating for the deficiency of PurT. In fact, E. coli TG1 purT/pACDHfhs outcompeted even E. coli TG1 with the same efficiency both under the aerobic and hypoxic conditions (Fig. 4) . We then decided to set up a growth competition assay between E. coli TG1 purT and E. coli TG1/pACDHfhs. In this experiment, a clear advantage of the presence of Fhs was seen only under the hypoxic conditions of growth (Fig. 5) . However, to better understand the impact of the simultaneous presence of both PurT and Fhs, we then set up yet another competition assay between E. coli TG1 purT/pACDHfhs and E. coli TG1/pACDHfhs (Fig. 6 ). This combination offered us with a control where presence of Fhs was common in both the competing pairs but one possessed deletion of purT and the other did not. In this experiment, E. coli TG1 purT/pACDHfhs outcompeted E. coli TG1/pACDHfhs both under the aerobic and hypoxic conditions of growth, with its decisive predominance in about 25 h. This experiment also provided a control that deletion of purT in itself was not disadvantageous; it is rather the simultaneous presence of both purT and fhs, which is by guest on July 21, 2016 http://femsle.oxfordjournals.org/ Downloaded from Figure 4 . Growth competition experiment between E. coli TG1 (in green) and E. coli TG1 purT/pACDHfhs (in purple). Escherichia coli TG1 and E. coli TG1 purT/pACDHfhs cultures were mixed and grown under aerobic or hypoxic conditions. Percent occurrence (survival) of the strains was determined at different times using the distinctive antibiotic resistance phenotype of the strains (section Materials and Methods). disadvantageous when the strains compete for the common nutrient pool.
DISCUSSION
Although the enzymes involved in folic acid and purine biosynthesis have been extensively studied, the details of the occurrence of genes that encode them in different genera of bacteria have remained unexplored. Some of the genes in the one carbon metabolic pathway, e.g. fhs, are not omnipresent. The phenomenon of anticorrelative presence of the genes amongst the organisms observed in this study is not a first. Earlier studies observed such a phenomenon for the presence of YgfA and FT-CD (Jeanguenin et al. 2010) . Bacteria lacking YgfA always possessed FT-CD to perform a moon lighting function of YgfA.
We have earlier shown that the occurrence of fhs is largely limited to bacteria, which are either facultative anaerobes or obligate anaerobes (Sah et al. 2015) . As shown in Fig. 1B , the present study showed that among the 176 genera that we analyzed (Table S1, Supporting Information), a mere 6% possessed both the fhs and purT genes. The observation of anticorrelation of the Figure 5 . Growth competition experiment between E. coli TG1/pACDHfhs (in blue) and E. coli TG1 purT (in red). Escherichia coli TG1/pACDHfhs and E. coli TG1 purT cultures were mixed and grown under aerobic or hypoxic conditions. Percent occurrence (survival) of the strains was determined at different times using the distinctive antibiotic resistance phenotype of the strains (section Materials and Methods).
presence of the two genes even within a single genus (Bacillus) is striking, suggesting that simultaneous presence of both the genes may be detrimental to the natural fitness of the organisms. To test this hypothesis, we made use of E. coli, which naturally lacks fhs but possesses purT. We used E. coli TG1 or E. coli TG1 purT strains wherein fhs was either expressed or not expressed. Furthermore, as we had shown that fhs confers growth advantage under hypoxic growth conditions, the growth competition experiments were performed not only under aerobic conditions but also under hypoxic conditions. Growth curve analyses revealed that when grown as pure cultures, the presence of both genes together or either of the genes alone has no detectable growth phenotype in LB or M9 minimal media. However, the growth competition experiment between E. coli TG1 and E. coli TG1 purT revealed that E. coli TG1 efficiently outcompetes the latter under hypoxic conditions, and even under aerobic conditions TG1 shows a slightly better fitness over E. coli TG1 purT (Fig. 2) . This observation is not surprising as the fitness disadvantage of purT null strain could be due to the increased requirement of PurT during exponential growth phase in minimal media (Saxild, Jacobsen and Nygaard 1995) . It was shown by the authors that PurT expression increased in exponential phase when grown in minimal media. TG1 purT/pACDHfhs by guest on July 21, 2016 http://femsle.oxfordjournals.org/ Downloaded from Figure 6 . Growth competition experiment between E. coli TG1/pACDHfhs (in blue) and E. coli TG1 purT/pACDHfhs (in purple). Escherichia coli TG1/pACDHfhs and E. coli TG1 purT/pACDHfhs cultures were mixed and grown under aerobic or hypoxic conditions. Percent occurrence (survival) of the strains was determined at different times using the distinctive antibiotic resistance phenotype of the strains (section Materials and Methods).
outcompeted E. coli TG1, E. coli TG1/pACDHfhs and E. coli TG1 purT under both the aerobic and hypoxic conditions. We have earlier shown that E. coli TG1 outcompetes E. coli TG1/pACDHfhs under aerobic conditions but the opposite is true under hypoxic conditions (Sah et al. 2015) . However, when purT is deleted in E. coli TG1/pACDHfhs (i.e. TG1 purT/pACDHfhs) it outcompetes E. coli TG1 under both the conditions tested. These observations are consistent with the hypothesis that the presence of both purT and fhs genes is disadvantageous for the fitness of the organism. Our analyses show that purT is absent in most of the anaerobic and facultative anaerobic bacteria where fhs is predominantly present. However, how this anticorrelative presence of purT and fhs is beneficial to bacteria for its fitness remains unclear.
